A specific twin channel slit die was used to measure in-line the viscous behaviour of an extruded wheat starch. This allows to put in evidence the influences of temperature, water content and specific mechanical energy (SME). The proposed rheological law permits to satisfactorily predict the viscosity of a wheat starch for any processing condition. Original results are presented for the behaviour of cationic starches obtained by reactive extrusion.
INTRODUCTION
Starch is the main storage substance synthesized by plants from solar energy. It can be found in numerous species: cereals, seeds, tubercles, etc. In non-food applications, starch in generally used after hydrothermal or chemical transformations. New applications are rapidly developing, mainly as replacing synthetic polymers, for example in the field of packaging materials. Starch is very often modified by chemical and enzymatic treatments, by depolymerization or cross-linking, or by esterification or etherification reactions based on the free hydroxyl groups. A wide range of modified starches can then be prepared, according to the desired properties [1] .
In preceding papers [2 -4] , we have studied the cationization of wheat starch by reactive extrusion, using a co-rotating twin screw extruder. Cationic starches are mainly used in paper industry, as coating agents, ingredients in paper pulp or surfacing agents [5] . One of the purposes of this work was to build a numerical model of the reactive extrusion process, able to predict the progress of the reaction along the screws and the final degree of substitution of the cationic starches. In order to achieve this objective, it is necessary to know the viscous behaviour of the molten starch inside the extruder, with and without reaction. This is the subject of the present paper.
STUDY OF THE VISCOUS BEHAVIOUR OF MOLTEN WHEAT STARCH WITH A TWIN CHANNEL SLIT DIE
For synthetic polymers, the most widely used system to measure the shear viscosity is the capillary rheometer. However, for low hydrated starchy products, melting occurs by destruction of the granular structure of the native starch, which requires both thermal and mechanical energy [6] . The main difficulty to characterize molten starch, as it is during extrusion, is thus to impose to the material, before any measurement, a controlled thermo-mechanical treatment (this treatment is very often characterized by the specific mechanical energy or SME). It has been done in the literature by using a specific pre-shearing rheometer, called Rheoplast® [7] , by adjusting a slit die rheometer at extruder exit [8 -10] , or by using an instrumented internal mixer [11, 12] . In our case, we have chosen the second way: the extruder thermomechanically transforms the starch, whose viscosity can then be directly measured in the slit die. However, to obtain a viscosity curve, it is necessary to vary the shear rate within the die. If we use a single channel die, the shear rate variation is obtained by a corresponding variation of the flow rate. But this change in flow rate totally modifies the thermo-mechanical history along the extruder. It is now well known that, for materials like starches which are very sensitive to this history [13, 14] , the viscosity measured by this way leads to incorrect results, unless both screw speed and feed rate are simultaneously modified to keep constant the specific mechanical energy [15] . The simplest way to overcome this difficulty is to use a slit die with two parallel channels [16] . The first one is equipped with pressure sensors, like a classical slit die, whereas the second one is used as side outlet. Each channel is equipped with a moving piston, whose vertical movement allows to change the channel gap in the entry zone of the slit. By moving simultaneously the two pistons, it is thus possible to vary the flow rate (and thus the shear rate) in the measuring section by keeping constant the total flow rate, and hence the thermo-mechanical history of the product. This twin channel slit die (Rheopac system) has been largely used in the past, for example to characterize the viscous behavior of potato starch [17] , the influence of amyose/amylopectine ratio [18] , the behaviour of various starches in expansion [19] and the rheological behaviour of plasticized starches [20] .
In the present study, we have developed a specific twin channel slit die adapted to the size of the laboratory extruder (Clextral BC21, Firminy, France). The choice of the geometrical dimensions has been made according to the paper of Vergnes et al. [16] : channel width, 20 mm; channel gap, 1.75 mm; channel length, 110 mm; piston length, 15 mm. Three flush-mounted pressure transducers are installed each 25 mm along the measuring channel. The last one is at 15 mm from the exit, the first one at 31.5 mm after the piston.
MATERIALS AND METHODS

MATERIALS
The wheat starch (provided by Chamtor, Bazancourt, France) has an initial moisture content of 13% (on dry basis). To facilitate the reactive extrusion processing, supplementary water was added into starch. Thus it is extruded with a total moisture content varying between 29 and 40%. For the cationization reaction, we use 2,3-epoxypropyltrimethylammonium chloride (Quab © 151). Figure 1 shows the mechanism of the reaction [3] . A hydroxyl group of the anhydroglucose unit of the starch molecule is replaced by an ammonium group. For each anhydroglucose unit, there are three possible reactive hydroxyl groups. Thus, theoretically, the maximal degree of substitution (noted DS) is equal to three. The concentrations of the reagents injected in the twin screw extruder are selected according to the desired value of DS. It is generally between 0.01 and 0.1 for paper industry applications [2] .
STARCH TRANSFORMATION
When extruded, starch looses its crystalline structure and, depending on thermomechanical treatment, is subject to macromolecular degradation (decrease in molecular weight). The measurement of intrinsic viscosity of extruded starchy products gives a global information on the level of transformation [13] . Starch possesses both linear (amylose) and branched (amylopectin) macromolecules. In the case of a such polymolecular product, intrinsic viscosity describes the average structure of samples and thus their average molar mass. By comparing with the value of the native starch, it gives an idea of the degradation of the macromolecules. A decrease in intrinsic viscosity corresponds to a decrease in the average molecular weight. Intrinsic viscosity measurement is carried out with a Ubbelhode viscometer. From an initial solution prepared with 47 mL of water (at 70°C), 2.8 g of potassium hydroxide and 0.25 g (0.5 wt. %) of starch, four other solutions were obtained by dilution, from 0.1 to 0.4 wt.% [21] . The intrinsic viscosity is classically obtained by extrapolation to zero concentration of the reduced viscosity at 25°C.
TWIN SCREW EXTRUDER
The extruder is a co-rotating twin screw extruder (Clextral BC21), with the following characteristics: length, 900 mm; screw diameter, 25 mm; centreline distance, 21 mm. Two screw profiles have been used ( Figure 2 ). The first one is made of screw conveying elements and a block of kneading discs (left-handed staggered), at the eighth barrel element. Water and reagents are injected by a pump at the fourth barrel element. The second profile is more restrictive, with two mixing zones. The first zone is for starch melting, the second one for product homogenization.
VISCOSITY MEASUREMENTS
For each experiment, we fixed the quantity of added water, eventually the concentration of reagent (for cationized samples), the feed rate, the screw speed and the barrel temperatures. Then, by modifying the set-up of the two pistons, we recorded in the measuring slit the pressure gradient, for a number of points varying between 4 and 8 (it depends on the total flow rate selected for the experiment). When the feed rate in the measuring slit is varied, the pistons are moved in order to keep constant the head pressure. The new equilibrium point is rapidly reached, the stabilization time being of the order of a few minutes. The feed rate in the measuring slit is obtained by weighing the product extruded during a fixed period of time. It has obviously been verified that the flow in the measuring slit does not modify the behav-iour of the material. In the most severe case, SME provided during this flow is estimated to 15 kWh.t -1 , it means less than 10% of the total SME.
For each value of feed rate in the measuring slit, we can calculate the apparent shear rate g · app . The shear stress t is deduced from the pressure gradient directly obtained from the three flushmounted pressure transducers (no entrance correction is needed). Then the plot of the flow curve (t versus g · app ) allows to define the real shear rate g · r by the Rabinowitsch correction [22] . Finally, the viscosity is established as t/g · r . For each series of experiments, we have thus calculated the shear viscosity as function of the true shear rate h = f (g · r ).
RESULTS AND DISCUSSION
STARCH TRANSFORMATION
In this section, we present the data obtained during the first part of the study [2] , not necessarily obtained with the twin channel slit die. We just want to rapidly explicit the characteristics of starch transformation during extrusion. As said before, the specific mechanical energy (SME) is a good basis to estimate the intensity of the thermo-mechanical treatment provided to the extruded product. According to the literature, the native starch granular structure completely disappears when it has received an energy higher than 140 -170 kWh/t [23, 24] . Whatever the processing conditions we used, starch was always totally destructured at the die exit.
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Applied Rheology Volume 17 · Issue 2 The thermo-mechanical treatment provided to the product varies with the screw speed N and the feed rate Q. Figure 3 shows that the specific energy (SME) increases linearly with the ratio N/Q, whatever the screw profile. It is thus possible to control the starch transformation (directly related to the SME) by adjusting, for a fixed screw profile, screw speed and feed rate. It can also be seen in Figure 3 that, for a fixed N/Q, SME is higher for profile 2 which is more restrictive. Figure 4 shows classically that the extruded starch "transformation", as measured by intrinsic viscosity, increases when the SME increases [13] . Starting from 168 mL/g for the native starch, intrinsic viscosity reaches 97 mL/g for a SME close to 800 kWh/t. For the same level of energy, the cationized starches have the same level of transformation than the unreacted samples. It can also been verified in Figure 4 that the starch transformation is independent of the screw profile.
To summarize, whatever the screw profile, the reagent concentration, the screw speed, the fed rate or the barrel temperature, the intrinsic viscosity, which is related to the average molecular weight of the samples, is only function of the specific energy. We have also shown that the cationization reaction does not modify this parameter, what would be confirmed later on by the rheological measurements.
VISCOUS BEHAVIOUR
To establish a general viscous law for the extruded wheat starch, we have performed the experiments presented in Tab. 1. For the first screw profile, we have selected three values of N/Q, corresponding to three levels of SME, around 470, 320 and 185 kWh/t, respectively. For the cationized samples, we have measured DS of 0.020 at 2 kg/hr, 0.017 at 4 kg/hr and 0.013 at 8 kg/hr (DS are measured by titration of nitrogen content of the samples, using a Kjeldahl method [2] ). These values are obviously lower than the targeted one (DS = 0.04), as the reaction efficiency varies according to the processing conditions [2 -4] . Anyway, even with the highest feed rate, the reaction has taken place and the starch has been chemically transformed. Figure 5 shows the results obtained at the same SME (around 185 kWh/t), for three different barrel temperatures (hence three different product temperatures), for the starch with 40 wt.% water (on dry basis). As for a classical thermoplastic polymer, the viscosity decreases when the temperature increases. A mastercurve can be obtained from these curves, by applying a timetemperature superposition with a shift factor a T . On Figure 6 , this superposition has been applied (for a temperature of 90°C) on the curves corresponding to the three levels of SME. For each case, the superposition is satisfactory. It can be seen on this graph that the viscosity decreases when SME increases. This is an effect of the decrease in molecular weight by thermomechanical degradation [7] . By applying a shift factor b W to these curves, similar to the factor a T previously introduced for the temperature, we can also obtain a mastercurve [25] , as shown in Figure 7 . As it can be seen on this figure, the general behaviour of the molten starch can be simply described by a power law: 
where E is the activation energy, R the gas constant, T 0 , SME 0 and WC 0 are reference values, and b and g are material parameters to determine from experimental data. To summarize, the general viscous behaviour of molten wheat starch can be expressed as:
with K = 1920 Pa·s, m = 0.53, E/R = 5150 K, T 0 = 363 K, b = -0.0028 t/kWh, SME 0 = 325 kWh/t, g = -10.91 and WC 0 = 0.4. These values are in agreement with those published in the literature for other starchy materials [7, 25, 26] . Figure 10 shows the influence of the cationization reaction on the viscosity of extruded starch, for a barrel temperature of 70°C, a water content of 40% and three values of specific energy. The difference in viscosity between starch and cationized starch is insignificant, even if the measured DS show that the reaction was effectively carried out (with efficiencies between 32 and 50%, according to the flow rate). These results confirm the data of intrinsic viscosity: in the conditions we tested, the cationization reaction does not change the molecular weight, thus the viscosity of the extruded starch. This could be expected, as the grafting of ammonium groups on the starch backbone does not greatly modify the general structure of the macromolecule. Consequently,
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Applied Rheology Volume 17 · Issue 2 (1) where the consistency K depends on both temperature and SME. At 90°C and 325 kWh/t, we obtain K = 1920 Pas m and m = 0.53. Figure 8 presents the viscosity curves obtained at a barrel temperature of 70°C and at low SME (around 200 kWh/t), for three different water contents. As it can be seen, the main difficulty in these experiments is the adequate control of both temperature and SME. As the viscosity is highly influenced by the water content, the viscous dissipation is different for each experiment, leading to important differences in product temperature, from 86 to 104°C. For the same reason, SME varies also from 188 to 217 kWh/t. Before to interpret the data with different water content, it is thus important to replot the curves at the same temperature and at the same SME, using the shift factors a T and b W previously defined. Then, we can apply a new superposition time/water content [25] , using a shift factor c WC , to obtain the mastercurve shown in Figure 9 . Once again, the superposition of the different series of data appears satisfied.
Finally, after applying to the raw data the superposition on temperature, energy and water content, we obtain a reduced viscosity of the form:
It can be seen in Figure 9 that the viscosity, in the range of shear rate tested, obeys a power law, which can be written as: (3) or:
(4) Eq. 8 can be used for the simulation of the cationization process using a twin screw extruder, both for the native and the cationized starch, whatever the processing conditions and the reagent concentrations.
To validate Eq. 8, we have performed experiments on the second screw profile. We have measured the viscosity of starches extruded under different conditions and, using Eq. 8 with the previously defined data, we have calculated the theoretical viscosities. The screw profile being more restrictive, SME is higher for same N/Q ratios (see Figure 3 ) and consequently viscosities are lower than for screw profile 1. Moreover, the temperatures measured at die exit are higher, due to a higher viscous dissipation. Figure 11 shows that, even if the agreement is not perfect for all conditions (the maximum error is around 28%), the proposed model allows a good evaluation of the wheat starch viscosity, including the main parameters of the extrusion process (water content, specific energy, temperature).
CONCLUSION
Starting from published data, we have adapted a twin channel slit die to a laboratory twin screw extruder, in order to measure in-line the viscous behaviour of a molten wheat starch, modified or not by a cationization reaction. The results confirm the general form of the rheological law for these materials, with a strong dependence not only on temperature and water content, but also on specific mechanical energy, directly responsible of starch transformation. We have defined the parameters of this law for a wheat starch and we have shown its applicability, at least in the explored experimental window. Finally, we have shown that, for the DS range that we explored, the cationization reaction has no effect on the rheological behaviour of the molten starch. 
